In model-based computer vision it is necessary to have a geometric model of the object the pose of which is being estimated. In this paper a very compact model of the shoulder complex and arm is presented. First an investigation of the anatomy of the arm and the shoulder is conducted to identify the primary joints and degrees of freedom. To model the primary joints we apply image features and clinical data. Our model only requires two parameters to describe the configuration of the arm. It is denoted the local screw axis model since a new representation is produced for each image. In the light of this model we have a closer look at the parameters in the shoulder complex. We show how to eliminate the effects of these parameters by estimating their values in each image. This is done based on experimental data found in the literature together with an investigation of the movement of the bones in the shoulder -the "shoulder rhythm" -as a function of the position of the hand in the image. Finally we justify our approach by comparing the model with real data. Similar tendencies are reported, suggesting a valid modelling scheme.
INTRODUCTION
Capturing the motion of humans has in the later years become a focus of much attention. An entire Motion capture (MoCap) industry has developed due to the commercial interest, especially driven by the use of animated computer graphics in motion pictures and commercials, but also due to the use of MoCap data in clinical studies e.g., diagnostics of orthopedic patients. Furthermore, a more long term interest has emerged where the goal is to develop better human-computer interfaces (HCI). The need for an invasive MoCap technology is obvious and has led to many research initiative into marker-free computer vision MoCap systems. In [1] a comprehensive survey is presented covering this topic. From the survey a clear tendency towards the use of model-based approaches can be seen. The typical model-based approach is to have a 3D geometric model of the parts of the human that one tries to capture the motion of. Different configurations of the model is projected into the image for comparison with the image data. The best match determines the current pose of the human parts. A vast amount of different implementations of this idea can be found in the literature with the one common issue that the results are highly dependent on the accuracy of the geometric model. In fact, the captured motion can never be more accurate than the geometric model. A precise geometric model is therefore a necessity for the long term goal of capturing the exact motion of a human body. However, as model-based vision in general requires much processing even for todays hardware, simple models are usually applied. In computer graphics the need for an accurate model is more profound as this is crucial to make animations look convincing. Opposite computer vision, computer graphic algorithms do not have to run in real time and complex models can therefore be applied. In this paper we try to bridge the gap between the two domains by introducing a complex model into computer vision but only using a few parameters to model it. Our work focuses on capturing the motion of a human arm as this is the primary body part in general HCI applications. Furthermore we are interested in solving this problem utilising a monocular-approach as this results in the simplest HW setup. In computer vision the arm is most often assumed to be connected to the shoulder which is fixed to the torso, hence the position (not pose!) of the wrist is defined by four rotation parameters with respect to the torso (given the length of the arm is known), where in fact 12 degrees of freedom (DoF) exists [2] . The problem this paper deals with is then stated as:"Given the pose of the torso, how can the motion of the human shoulder and arm be modelled with as few parameters as possible". We address the problem by building a model not based on the anatomic joints but rather on the idea of applying informative parameters to model the motion coursed by the anatomic joints. Concretely we apply clinical data together with image features to derive a very compact representation of the motion requiring few parameters compared to the DoF of the anatomic joints.
In fact we will show how to model the 12 anatomic DoF in the shoulder and arm utilising just two parameters! The structure of the paper is the following. In section 2 the DoF in the shoulder complex and the arm are described. In section 3 a compact model of the arm is presented. In section 4 a compact model of the DoF in the shoulder complex are presented and linked to the model developed for the arm. In section 5 the modelling approach is evaluated, and finally section 6 concludes the paper.
THE DOF OF THE SHOULDER AND ARM
When modelling the pose of the arm and shoulder it is necessary to understand the anatomic features which control the movements, hence the bones and the joints connecting them. A complete description of the interaction between the joints and bones and the DoF, leads to a very comprehensive model. However, from a visualisation point of view many of these DoF are insignificant and we will therefore only focus on the large scale motion of the shoulder and arm, meaning that only the primary DoF are modelled. Furthermore, we assume that each anatomic joint can be modelled by a geometrically ideal joint. Another consequence of the focus on large scale motion is that we assume the hand to be a part of the lower arm. Overall the arm consists of the upper-and lower arm, the lengths of which are assumed known as ¢ ¡ and ¢ £ , respectively. The length of the lower arm is defined as the distance from the elbow to the centre of the hand. As for the rest of the movable rigid entities in the human body, the arm consists of bones which are moved by muscles following the design of the joints connecting the bones. The limits of the movements are imposed by the ligaments, muscles, joints, and other bones, but in this text we simply refer to the limits of a joint independent of the origin. The lower arm consists of two bones; the ulna and the radius [3] . They are connected to each other with a pivot joint at the elbow and with a pivot joint at the wrist. These two joints allow the hand to rotate around the long axis of the lower arm by rotating the radius around the ulna. The pivot joint in the elbow is part of the elbow joint which also connects the two bones with the upper arm bone, the humerus. The ulna is connected in a hinge joint and the radius in a ball-and-socket joint. Overall the primary DoF at the elbow is modelled very well using one hinge joint and one pivot joint even though the elbow motion is more complex [4] . Since we ignore the motion of the hand we can ignore the pivot rotations of the radius around the ulna, hence the DoF in the elbow is modelled by one hinge joint. The upper arm consists of one bone, the humerus, and is connected to the shoulder in the gleno-humeral joint (GH-joint), see figure 2.A. Even though the GH-joint contains two sliding DoF [5] it is well modelled as a ball-andsocket joint since the surfaces of the joint is more than ¤ ¥ ¤ § ¦ spherical [6] . The "socket" part of the joint is a part of the shoulder and called the glenoid. Its motion with respect to the torso, or more precisely the thorax, originates from the complex structure of the shoulder, known as the shoulder complex [7] . The shoulder complex provides mobility beyond any other joint in the entire human body. The shoulder complex contains up to 11 DoF [2] . However, since the mobility of the shoulder complex can be described as a closed kinematic chain these 11 DoF are not independent and in fact the relative pose of the glenoid is well described by only four independent parameters [7] . To model the shoulder complex requires a comprehensive biomechanical model based on knowledge of the bones, joints, ligament, muscles, and their interactions. Such models have been developed, see e.g. [2, 8, 9, 10, 11] . Obviously these models contain a high number of parameters usually found by solving the inverse kinematic problem. That is, given the location of the hand, how is the different joints and muscles configured? We are not interested in such models since they contain too many details, hence too many parameters. However, by analysing the outcome of advanced biomechanical models we observe that the primary motion of the glenoid with respect to the torso, hence the four parameters, is: rotations around the z-and y-axes, and vertical and horizontal displacements along the y-and x-axes, see 1.A for a definition of the axes. The rotations can be governed by the GH-joint by increasing its ranges accordingly whereas the two displacements can be modelled by two prismatic joints (allowing 1D translation), each having one DoF. Altogether six DoF are needed to model the primary DoF of the arm and the shoulder complex. These are listed in table 1. 
MODELLING THE DOF OF THE ARM
The four DoF of the arm, see table 1, are virtually always modelled by four Euler angles as they very convincingly represent the anatomic DoF of the arm. In earlier work [12] we have suggested the idea of applying image measurements to derive a more compact representation of the arm. Concretely we estimate the position of the hand in the image (using colour vision) and, given a calibrated camera, represent the position of the hand in 3D by just one parameter. That is, the hand will be located somewhere on a line from the calibrated camera and through the image position of the hand. We denote the parameter, . Assuming the GH-joint is fixed with respect to the actual 3D position of the hand, the possible elbow positions will describe a circle in space represented by one parameters, , see figure 1.A. Combining the two parameters, ! # "
, we have a model that can represent all possible configurations of the arm utilising only two parameters. We have so to speak, used the image measurements to collapse the standard four DoF (Euler's angles) into a two DoF model. We denote this novel model the local screw axis model. For each new image a unique instance of the representation exist, hence the name "local". In figure 1 .B the possible configurations are illustrated in 3D for one image where the hand is located somewhere on the line. In figure 1 .C the local representation is illustrated for the parameters of the local screw axis model. Clearly this model has a very simple and compact representation of the possible configurations compared to the complex shape of the possible configurations in figure 1 .B 1 . In this compact representation
is bounded by 4 the total length of the arm.
MODELLING THE DOF OF THE SHOULDER
In every community where a model of the arm and shoulder is required, the model either consists of four DoF or seven+ DoF, depending on the level of details required and the processing power available. The former number 1 Not to mention that of the four Euler angles! is seen in computer vision and many computer graphic applications whereas the latter number is seen in clinical studies, and advanced computer graphics. However, Badler et al. [14] have shown that the primary DoF in the shoulder can be modelled without increasing the number of DoF in the model, hence the primary DoF in the shoulder are related to the DoF in the GH-joint. We will utilise the same idea as [14] proposed but in the context of our modelling approach utilising two prismatic joints. Since [14] is in the context of computer graphics they have to prepare their model for the inverse kinematic problem, hence they need an analytic model. As is often the case when modelling a biomechanical phenomena information is lost when fitting an analytic model to the measurements. We do not have to solve the inverse kinematic problem but rather the forward kinematic problem. Therefore we can allow ourself to use clinical data without forcing an analytic solution upon the data. Furthermore, we will apply in-depth knowledge of the functionality of the shoulder complex in motion to enhance the clinical data.
Concretely we seek to eliminate the effect of the prismatic joints altogether by estimating the displacements of the glenoid in each image and correcting the shoulder position accordingly.
The idea is to find a relationship between the displacements of the GH-joint 2 (denoted 5 6 and 5 8 7
) and the angle between the torso and the upper arm, H   H  H  H H  H  H  H H  H  H  H H  H  H  H H  H  H  H  I  I  I I  I  I I  I  I I  I I I I I P P P P P P P P P P P P P P P P P T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T  T the shoulder complex is investigated in more detail. The shoulder complex consist of two bones (the shoulder girdle); the scapula and the clavicle, see figure 2 .A. The former is the large bone on the back of the shoulder and the latter is the one from the breast-bone to the top of the shoulder tip [15] . Both bones are usually visible through the skin. The clavicle is a long thin bone connected to the breast-bone in the sterno-clavicular joint. It functions as a ball-andsocket joint and is denoted the SC-joint, see figure 2 .A. In the other end the clavicle is connected to the scapula in the acromio-clavicular joint which also functions as a ball-and-socket joint. This joint is denoted the AC-joint. The scapula is a large triangular bone which contains the glenoid below the AC-joint. The scapula is not connected directly to the thorax through a joint but instead via muscles. This results in a very flexible "joint" which can both rotate and translate with respect to the thorax. The value of 5 6 is the same as the vertical displacement of the GH-joint with respect to the resting position where
and originates from elevation in the SC-joint and the AC-joint. Actually, without the rotation in the SC-joint and AC-joint the elevation of the arm would be limited. When elevating the arm to
comes form the rotation in the GH-joint and the rest comes from the rotation of the scapula [18] , hence in the SC-joint and the AC-joint. The primary displacement of the GH-joint comes from the elevation of the AC-joint, hence the upwards rotation in the SC-joint. In the work by Dvir and Berme [5] measurements describing the vertical displacement of the AC-joint as a function of 9 is presented, see the dashed graphs in figure 3 .A. This gives us
C E D
, but to obtain a complete relationship we need to add 5 C i F which expresses the vertical displacement of the GH-joint based on the rotation in the AC-joint. In figure 2 .C the additional displacement is illustrated. In figure 2 .B the initial configurations of the SC-joint, the AC-joint, and the GH-joint are shown, i.e. when 9 p © q $ %
. We assume that the clavicle is horizontal when 9 f © r $ § %
and that the GH-joint is located s t ) t directly below the AC-joint, see figure 2.A. In figure 2 .C GH' is the position of the GH-joint if we only apply
. The additional displacement of the GHjoint when the rotation is taken into account,
C i F
, can be calculated as 
9
. The relationship is via the rotation of the scapula which is therefore investigated further. To structure our investigation we utilise the concept of the "shoulder rhythm" [7] or scapulohumeral rhythm [18] . The shoulder rhythm is defined as the ratio, , of the upwards rotation in the GH-joint, , and the angle between the scapula and torso, . In the first phase the primary rotation of the arm is done in the GH-joint, hence a high ratio. The small rotation of the scapula is assumed to originate from rotation in the SC-joint. The clavicle and scapula therefore move as one object meaning that is constant in this phase. In the second phase the SC-joint is rotated alongside the rotation in the GH-joint and a smaller ratio is present. In Table 2 : The four phases in the shoulder rhythm. For each phase the relative change in the gleno-humeral angle, , the relative change in the scapula angle,
@ d
, and the ratio between the two, are shown. The sources of the ratios are shown by a reference after each ratio. 
9
. The dashed graphs are the displacements of the AC-joint due to the rotation in the SC-joint. The circles are the actual measurements from [5] while the graphs are obtained by spline interpolations. The dotted graphs are the additional displacements of the GH-joint due to rotation in the AC-joint. The solid graphs are the total displacements of the GH-joint with respect to the SC-joint normalised to zero at
this phase the assumption applied above holds [5] and can be assumed to be constant. In the third phase the primary rotation of the scapula comes from a rotation in the AC-joint. For simplicity we ignore the small rotation in the SC-joint and can therefore assume to be constant. In the last phase little elevation is done in both the SC-joint and AC-joint. However, in this phase the clavicle starts rotating about its long axis and since it is crank-shaped it displaces the AC-joint and therefore rotates the scapula (and the GH-joint) further [18] . Again the assumption about the clavicle and scapula moving as one object holds [5] and we can therefore assume to be constant. In the last two columns in table 2 the relationships between 
where indicates the number of the phase. Combining these equations with equation 1 and the results summarised in table 2 allows us to calculate the relationship between
To utilise the results derived above the angle, , needs to be estimated. In this section we present two methods to find the relationship between the position of the hand and
. Which method to use depends on whether predictions of the kinematics of the arm are available or not.
Without Predictions
We assume a constant rotation angle
of the shoulder-elbow-hand triangle around the line spanned by the shoulder and the hand. This assumption allows for a calculation of the position of the elbow. Given the position of the elbow we can calculate the relationship as
Unfortunately we do not know & and finding the 3D position of the hand given its 2D projection in the image is an ill-posed problem. However, in the context of estimating the angle, , is the primary parameter if we assume the camera plane to be approximately parallel to the torso and having approximately the same y-coordinate as the shoulder. These reasonable assumptions allow a realistic estimation of the average position of the hand in a particular image,
as the centre position between the two points where the camera ray through the hand, and a sphere with centre in the shoulder and radius equal to ¡ £ , intersect.
With Prediction
The predicted values of the position of the hand and elbow are calculated based on the estimated values in the previous images and a motion model using a standard Kalman Filter framework. The idea behind this method is to combine the predictions and the image measurements to obtain a better estimate of
9
. In figure 4 the predictions are illustrated using subscript 'p' while the corrected predictions are illustrated using subscript 'c'. Since we know the camera ray through the hand in the current image, altogether. That is,
is used to estimate the vertical and the horizontal displacements of the GH-joint, respectively, simply by applying the value of to the results shown as the solid graphs in figure 3 , hence no additional parameters are required. For each image we can now estimate the position of the shoulder, or rather the GH-joint, and therefore achieve a more accurate model of the arm for synthesising into the image.
EVALUATING THE MODELLING APPROACH
Modelling the pose of the arm, hence the GH-joint and elbow joints by and is a novel approach. Through geometric reasoning it can easily be shown that there exists a one-to-one mapping between our representation and the standard representation via four Euler angles. Since the Euler representation is sound, the same must be true for the local screw axis model. Hence we do not test this modelling approach. Modelling the motion of the GH-joint with respect to the torso by two prismatic joints, on the other hand, needs to be justified through tests. In this section we therefore conduct a qualitative test in order to evaluate this modelling approach. In the test, model data are compared with real measurements. A sequence of 16 images wherein a subject is moving his arm is recorded, see figure 5 . The subject's torso is parallel with respect to the image plane and it remains fixed throughout the entire sequence. The arm of the subject is completely outstretched and the hand describes a circle in a plane parallel to the camera. Given a distance of 4 meter between the camera and the subject we assume a orthographic projection. So, from the circle described by the hand the position of the GH-joint and the angle can be measured directly in the image in the following manner. The angle 9 is measured in each image as the angle between the upper arm and the vertical border of the image.
To find the position of the GH-joint we first manually go through the entire sequence and determine the distance in pixels from the fingertips to the assumed position of the GH-joint, hence the length of the arm -denoted . Then we go through the sequence again and in each image we define a vector starting at the finger tips and with length . The vector is positioned so that it passes through the upper arm 1/3 from the 'upper edge' of the arm and 2/3 from the 'lower edge' of the arm. The end position of the vector defines the position of the GH-joint in the current image. In figure 6 .A the displacements of the GH-joint in the image are shown. The solid line illustrates the horizontal displacement while the dashed line illustrates the vertical displacement.
The ratio between the maximum vertical change and the maximum horizontal change is indicating a relatively high similarity between the model and the measurements. In figure 6 .B and 6.C the measurements are illustrated as dashed graphs scaled to the range of the model data. Even though the graphs are not in complete alignment it is clear that they have similar tendencies. Furthermore, it is obvious that the model data fit the measurement data far better than any horizontal line (fixed shoulder position) that might be applied instead of our model.
In conclusion it needs to be added that even though we in the above suggest high similarity, hence a good model, the test is merely qualitative. To be able to make a more solid conclusion a better test setup with fewer assumptions and quantitative tests is required. However, we stick to our qualitative tests and accept a less definite conclusion, hence we can only conclude that a clear tendency is observable. , and compare it with image data, e.g. edges. This is done for a number of different configurations until the 'best' match is found. How to decide which different configurations to synthesise we could use e.g., all possible, hence an exhaustive search, all possible within a predicted region, an iterative search, or a particle-filter, hence a sequential Monte Carlo search.
From a computer vision point of view the model developed in this paper is believed to be exactly what one desires. Namely a model of the primary DoF where the states of the prismatic joints are directly coupled to the angle between the upper arm and torso, hence the extra two DoF come for free. If the position of the hand can not be found in the image our modelling approach for the arm fails. The modelling approach for the shoulder complex is, however, still useful. That is, the primary eight DoF in the shoulder complex is modelled with only two prismatic joints, hence two DoF. The main contributions of this paper are first of all the local screw axis model which allows for a two DoF model of the arm. Secondly, the idea of modelling the DoF of the shoulder complex by a ball-and-socket joint together with two prismatic joints is also believed to be new. Thirdly, the modelling of the displacements of the GH-joint without introducing additional parameters can hopefully provide others with a more detailed model without increasing the number of DoF.
